creased epithelial areas, whereas patients with CB had larger inner wall areas. All of the groups studied presented increased bronchiolar expression of MMP-7 and MMP-9, compared to the controls. Conclusion: We conclude that SAs are pathologically altered and may take part in the lung-remodeling process in idiopathic interstitial pneumonias.
Introduction
Idiopathic pulmonary fibrosis (IPF), its histopathological correlate usual interstitial pneumonia (UIP), and nonspecific interstitial pneumonia (NSIP) are major entities among the idiopathic interstitial pneumonias (IIPs). Traditionally, these disorders are described as affecting the lung parenchyma diffusely and the alveoli primarily [1] . Lung function tests show a restrictive ventilatory pattern and reduced diffusion capacity associated with normal expiratory flows [2, 3] .
Earlier histological studies suggested that there is small airway (SA) involvement in interstitial lung diseases (ILDs) [1, 4, 5] . Airway narrowing in ILDs would result in maldistribution of ventilation, which can cause inhomogeneity of impedance and time constants within the lung, thereby causing a reduction in dynamic compliance and increase the work of breathing, and possibly the sensation of dyspnea [1] .
However, it has been more difficult to consistently demonstrate functional signs of airway dysfunction in these diseases. Some authors have described an obstructive pattern at the peripheral level associated with high elastic recoil in all patients, but other studies could not confirm these data [4] [5] [6] . Such controversial results have been attributed to the patchy distribution of histological lesions in ILDs and to the increased retractile force observed in fibrotic lungs that would maintain the patency of SA in vivo [1] .
In 2002, the ERS/ATS Consensus Classification [2] of the IIPs proposed the current classification based on clinical, radiological and pathological aspects. All previous pathological or functional studies analyzing SA in ILDs were performed long before this classification and may, therefore, have included more than one of the current diseases under the diagnosis of IPF. To our knowledge, no previous studies have analyzed SA involvement in NSIP patients.
In airways diseases such as asthma, the bronchial epithelium plays an active role in the remodeling process, whereas in IIPs alveolar cells are believed to be the major players [7] [8] [9] [10] [11] [12] . Previous immunohistochemical studies have shown that alveolar epithelial cells of IIP patients differentially express a wide range of matrix metalloproteinases (MMPs) such as MMP-7, MMP-1, MMP-2, its inhibitors and inducers, creating a delicate balance of extracellular matrix (ECM) destruction and production [8, [10] [11] [12] [13] [14] [15] . Transforming growth factor-␤ (TGF ␤ ) seems to be a critical mediator of this balance, and alveolar epithelial cells have been shown to have increased expression of TGF ␤ in the IIPs [16, 17] . It is possible that the SA epithelium could participate in the remodeling events taking place in IIPs, since these cells also produce a wide range of cytokines, growth factors and metalloproteinases [7, 8, [15] [16] [17] .
For this purpose, we performed a quantitative and semiquantitative analysis of the structural and inflammatory parameters of the SA, including a study of bronchiolar epithelial expression of TGF ␤ , MMPs and their tissue inhibitors (TIMPs) in open lung biopsies from patients with UIP/IPF and NSIP.
Methods
This study was approved by the Ethics Committee of the University of Sao Paulo Medical School.
Study Population
Patients with a biopsy-proven diagnosis of UIP and NSIP (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) were included in the study. Autopsy samples from non-smoker patients, without lung disease and with normal lung histology, were used as negative controls. In order to compare SA alterations found in UIP/NSIP with changes classically observed in a primarily airway disease, we also included biopsies of patients with idiopathic constrictive bronchiolitis (CB) [18] .
All diagnoses were supported by history, physical examination, pulmonary function tests and radiological parameters, not associated with any environmental exposure to a fibrogenic agent or connective tissue disorder. Morphological diagnosis was performed according to the ATS/ERS consensus classification [2] after the biopsies were reviewed by 2 experienced pathologists (T.M. and M.D.).
The diagnosis of IPF was only considered when the patient presented no other cause for an ILD, with typical microscopic findings of the UIP pattern and absence of vasculitis, granulomas or microorganisms. Cases presenting extensive honey-combing or dual histological patterns were excluded from the analysis. The diagnosis of cellular or fibrotic NSIP was mainly based on histological findings in patients who had a clinico-radiological picture of ILD, with the histological picture of chronic interstitial pneumonia, in which homogeneous expansion of alveolar septa by inflammation and/or fibrosis was present [19] . We have excluded cases with an associated diagnosis of collagen vascular diseases that manifested at diagnosis or during follow-up of at least 2 years, or any organic dust exposure associated with the development of hypersensitivity pneumonitis (HP).
Patients with idiopathic CB presented obstructive lung function with no known cause and with characteristic tomographic signs, such as a mosaic pattern [18] and lung biopsies showing a picture of CB without interstitial inflammation or fibrosis.
Patients were not treated with corticosteroids or immunosuppressants by the time the biopsies were performed.
Tissue Processing
All biopsy and autopsy samples were retrospectively retrieved from the archives of the Department of Pathology, University of Sao Paulo. The material was fixed for 24 h in buffered formalin and paraffin-embedded.
Immunohistochemistry
Antigen retrieval and primary antibodies used to label MMPs (MMP-1, 2, and 7), TIMPs (TIMP-1 and 2) and TGF ␤ are shown in table 1 . Briefly, sections were dewaxed and hydrated. A 3% H 2 O 2 solution was applied for 40 min to inhibit endogenous peroxidase activity, followed by overnight incubation with the primary antibody and antigen retrieval. Anti-mouse secondary antibodies (Vector Laboratories, Burlingame, Calif., USA) were used after the primary antibodies. The streptavidin-biotin complex (LSAB + DakoCytomation, Carpinteria, Calif., USA) was used as the developing system. All sections were stained within one staining session, using antibodies from one batch. For negative controls, the primary antibody was omitted, and substitutions of the primary antibody with an isotype-matched control antibody of the same species and PBS were used as negative controls. 
Morphometry and Semiquantitative Analysis
For morphometrical determinations, 5-m thick HE sections were used. Quantification was performed in the transversally cut airways, i.e., with a short/long diameter ratio of 1 0.6, and with a basement membrane (BM) perimeter of ! 6 mm [20] . We analyzed all suitable SAs in areas of more preserved lung tissue architecture in order to adequately identify the different airway compartments. SAs surrounded by extensive honeycombing and fibrosis were therefore excluded from the analysis. The software ImagePro Plus 4.1 for Windows (Media Cybernetics, Silver Spring, Md., USA), running on an microcomputer connected to a digital camera (JVC TK-C1380 Color Video Camera, Victor Company of Japan Limited, Japan) and coupled to an optical microscope (Leica DMR, Leica Microsystems, Wetzlar GmbH, Wetzlar, Germany) was used for the measurements. Analysis was performed in a blinded manner.
The following airway compartments were assessed: luminal area, epithelial area, inner wall area, airway smooth muscle (ASM) area, outer wall area and total wall area. For each airway, the BM perimeter was assessed. Only areas of intact epithelium were evaluated, i.e., a layer of both basal and columnar cells. The inner wall area was defined as the region comprising the epithelial BM and inner border of the ASM. The outer wall was the region from the outer border of the ASM to the outer border of the adventitia. Values are expressed as area corrected by BM perimeter ( m 2 / m). In order to estimate the percentage of thickened airways in each disease group, we further determined the mean and the standard deviation of total airway thicknesses in controls. For non-control groups, thickened airways were considered to be those with a thickness value larger than the mean plus the standard deviation of the controls in each lung biopsy.
The area of positive staining for each antibody within the bronchiolar epithelium was determined by color threshold. For this purpose, different sections stained with each antibody, as well as negative controls, were used to achieve the best range of positivity in the cases, which was checked by 2 pathologists (G.M. and T.M.). These procedures generated a file containing all color selection data, which were afterwards applied to all cases stained with the same antibody. Results are expressed as the epithelial area of specific antibody staining corrected by the BM perimeter ( m 2 / m) [20] [21] [22] [23] [24] .
The following parameters were analyzed semiquantitatively: the degree of airway and peribronchiolar parenchymal inflammation and fibrosis (peribronchiolar defined as the space within one 100 ! field around the bronchiole) was scored as 0-3 (absent, mild, moderate, strong). We also analyzed the presence of intraluminal buds of granulation tissue and mucostasis in the airways. In the peribronchiolar parenchyma, we scored the presence of bronchiolar epithelial metaplasia (lambertosis) [25] , cystic spaces (honeycombing) and bronchus-associated lymphoid tissue (BALT). Results are expressed as the number of SAs presenting the above-mentioned alteration in relation to the total number of SAs analyzed per group (%).
Statistical Analysis
Demographic, clinical and numerical data are presented as median/interquartile range (IQR) or mean 8 SD, depending on data distribution. Non-normally distributed numerical data were log-transformed before analysis. For comparison of the different disease groups with controls, Student's t test was used as the data had a normal distribution. Comparison among the disease groups was performed with ANOVA, followed by the Bonferroni posthoc test. Data obtained from semiquantitative analysis (bronchiolar inflammation, peribronchiolar parenchymal inflammation, peribronchiolar parenchymal fibrosis) were analyzed using Kruskal-Wallis followed by Mann-Whitney tests (that are non-normally distributed) and are expressed as the median and IQRs. For the analysis of categorical values (mucostasis, intraluminal buds, bronchiolar epithelial metaplasia, cystic spaces and BALTs), the Fisher exact test was performed. The level of significance was set at p ! 0.05. The statistical package SPSS 13.0 (SPSS, Chicago, Ill., USA) was used for the analyses.
Results

Patient Population
Twenty-nine patients with biopsy-proven UIP, 8 with NSIP (5 of the cellular pattern, 3 of the fibrosing pattern) and 13 patients with CB were included in the study. Six patients were excluded from the NSIP group because they were diagnosed as having associated collagen vascular diseases during follow-up. Ten autopsied patients were (p = 0.003) than all other study groups. There were no significant differences in the duration of symptoms (until biopsy) among groups.
Morphological and Morphometrical Analysis
Biopsy samples included 1-3 slides/patient taken from lung areas with differing disease involvement. A total of 409 SAs were analyzed: 168 in UIP biopsies (6/case); 29 in NSIP biopsies (4/case); 74 in CB (6/case), and 138 in the control group (14/case).
Representative examples of the studied pathologies are presented in figure 1 .
Semiquantitative and categorical data are presented in table 3 . All disease groups presented more intense bronchiolar and peribronchiolar parenchymal inflammation and peribronchiolar parenchymal fibrosis than the controls (p = 0.0001). When the disease groups were compared among each other, patients with UIP presented smaller levels of bronchiolar inflammation than NSIP and CB cases (p = 0.01). Peribronchiolar parenchymal inflammation was more prominent in patients with NSIP, which differed significantly from all other disease groups (p = 0.0001). There was more peribronchiolar parenchymal fibrosis in UIP and NSIP cases than in CB cases (p = 0.0002).
When compared to controls, the diseased groups showed an increased degree of mucostasis, bronchiolar epithelial metaplasia, cystic spaces and BALT (p = 0.03). Patients with CB had more intraluminal buds than the controls (p = 0.04). When the diseased groups were compared among each other, there was no significant difference in the frequency of intraluminal buds. There was less bronchiolar epithelial metaplasia in patients with CB than patients with NSIP and UIP (p = 0.0001). As expect- Although all measured airways were classified as SA, i.e., with BM of ! 6.0 mm, the mean BM perimeter in the UIP and the NSIP cases was larger than in the control and CB cases (UIP only; p = 0.03). According to Weibel [26] , the mean airway diameters corresponded to airway generations 14-15, i.e., terminal bronchioles, in all study groups. The luminal areas in all of the study groups were smaller than the controls (p = 0.0001).
Patients with UIP presented larger epithelial, inner wall, ASM, outer and total airway areas than the controls (p = 0.02). In NSIP patients, there was an increased area of epithelium compared to controls (p = 0.02). Patients with CB presented larger inner wall areas than control patients (p = 0.04).
When the diseases were compared among each other, there were no significant differences among airway compartments, except for outer wall areas, which were larger in UIP patients than in NSIP and CB patients (p = 0.04), and the total area was larger in the UIP than the CB group (p = 0.04). Data are presented in table 4 .
The percentage of remodeled, thickened SAs was 48.8% in the UIP group, 41.4% in the NSIP group and 32.4% in the CB group.
Immunohistochemistry
In some cases, paraffin blocks were not available or there was not enough material for further sectioning; therefore immunohistochemical analysis was performed in a smaller number of cases ( table 5 ) .
In controls, TGF ␤ was expressed in the bronchiolar epithelium and vascular smooth muscle, whereas in the disease groups, inflammatory cells and alveolar pneumocytes were also positive. MMP-2 was expressed in SA epithelial and mesenchymal cells, endothelium and macrophages in the controls as well as in the studied pathologies. In controls, MMP-7 was weakly expressed in the bronchiolar epithelium and macrophages. In the diseased groups, especially in the UIP group, there was marked expression in the bronchiolar epithelium, mesenchymal cells, reactive pneumocytes and vessels. MMP-9 was expressed in neutrophils, macrophages and weakly in the SA epithelium of controls, with stronger expression in the The semiquantitative variables were scored as 0-3 (absent, mild, moderate, severe) and expressed as the median and interquartile ranges (IQR). The categorical data are expressed as the number of SA presenting the analyzed variable in relation to the total number of analyzed SA per group, in percentages. UIP = Usual interstitial pneumonia; NSIP = nonspecific interstitial pneumonia; CB = chronic bronchiolitis; BALT = bronchusassociated lymphoid tissue.
* p < 0.05 in relation to control; # p < 0.05 in relation to UIP; + p < 0.05 in relation to NSIP. a Semiquantitative data.
b Categorical data. Values are expressed as mean8 SD of area (m 2 ) corrected by basement membrane perimeter (m). UIP = Usual interstitial pneumonia; NSIP = nonspecific interstitial pneumonia; CB = chronic bronchiolitis.
* p < 0.05 in relation to control; # p < 0.05 in relation to UIP. bronchiolar epithelium, endothelial cells and pneumocytes in the other groups. TIMP-1 and 2 were expressed in inflammatory cells, mainly macrophages, and in vessels (smooth muscle layer and variable on endothelium). They were weakly expressed in the bronchiolar epithelium in both groups. In the disease groups, further expression was observed in reactive pneumocytes and mesenchymal cells. When compared to the controls, all study groups presented increased expression of MMP-7 (p = 0.02) and MMP-9 (p = 0.0002) in the bronchiolar epithelium ( fig. 2 ) . There was increased expression of TIMP-2 in patients with CB in comparison to controls (p = 0.02). UIP patients presented decreased expression of MMP-2 in the bronchiolar epithelium when compared to controls (p = 0.04). There were no differences in the expression of TGF ␤ and TIMP-1 among groups. Data are presented in table 5 .
No differences among the studied parameters were observed between smokers and non-smokers in all disease groups. Log of MMP-7 epithelial expression correlated significantly with log of FEF (r = 0.83, p = 0.01) in UIP patients ( fig. 3 ) . No other significant correlations between pathological and clinical/functional parameters were identified. 
Discussion
Our data show that significant inflammatory and structural alterations at the SA level are present in patients with UIP and NSIP. Novel information provided by this study is related to the increased expression of MMP-9 and MMP-7 in the bronchiolar epithelium, suggesting that SA may take part in the pathogenetic events leading to lung remodeling in the IIPs. This is the first study quantitatively analyzing SA involvement in IIP cases classified according to the current ATS/ERS consensus classification [2] . Similar studies date back to the 1980s and 1990s [5, 27, 28] and analyzed SA histology by semiquantitative scores only. Most of them included patients who, in light of current knowledge, most likely presented different fibrotic disorders or had interstitial pneumonias associated with other clinical conditions, such as collagen vascular diseases. In the study by Fulmer et al. [5] , for instance, 5 of 18 patients were younger than 40 years making the diagnosis of IPF/ UIP in these individuals unlikely.
To our knowledge, this is also the first study to analyze SA involvement in cases of NSIP. This is still a provisional category, probably representing a common histopathological pattern of different ILDs [2] . To avoid systemic/local influences of an underlying disease in the lungs, we have included only patients with an idiopathic form of the disease. Our quantitative and semiquantitative findings indicate that more prominent SA structural alterations seem to occur in the UIP cases than in NSIP. Interestingly, the SA inflammation score was smaller in the UIP cases. Conversely, the inflammatory component was more prominent in the NSIP cases, with a similar magnitude as the CB at the airway level and an increased magnitude at the peribronchial parenchymal level.
In the lung interstitium, it is well known that the NSIP cases may have a more prominent alveolar inflammatory component than UIP [2, 29] . Taken together, it is possible to speculate that SA changes occur parallel to alveolar changes in NSIP and UIP patients [27] . It is very likely that SA alterations are more prominent in areas of extensive parenchymal fibrosis, and related to the areas of traction bronchiectasis/bronchiolectasis observed in CT scans [30] . In the present study we analyzed SA in more preserved areas of the lungs, avoiding regions with extensive fibrosis and lung distortion, and detected structural alterations in these regions as well. Taken together, our data point to the possibility that SA involvement occurs as part of disease pathogenesis, and is not solely related to the effects of smoking, past exposures, collagen vascular diseases, or is not merely an expansion of the parenchymal fibrosis.
Our findings of increased MMP-7 and 9 immunohistochemical expressions in SA suggest that the bronchiolar epithelium may contribute to remodeling events occurring in the IIPs. Recently, in an experimental model of bleomycin-induced fibrosis, Wu et al. [31] demonstrated that bronchial epithelial cells have the capacity to undergo epithelial mesenchymal transition, reinforcing the idea that the bronchiolar epithelium may contribute to mesenchymal expansion in pulmonary fibrosis. The increased expression of MMPs without an associated increase in the TIMPs and TGF ␤ at the bronchiolar level in UIP and NSIP suggests that, as possibly opposed to that described in the lung parenchyma, a degradative environment prevails at the bronchiolar epithelial level in these diseases [12] .
MMP-7 (matrylisin) has been implicated as a possible mediator of pulmonary fibrosis, and the MMP-7 gene is one of the genes that is most distinctive between fibrotic and normal lungs [14, 32, 33] . MMP-2 (gelatinase A) and MMP-9 (gelatinase B) expression is also consistently elevated in the lung parenchyma of NSIP and UIP [10] [11] [12] 14] . Here, we demonstrate that the bronchiolar epithelium immunohistochemical expression of MMP-7 and MMP-9 is equally upregulated in UIP and NSIP. This is in line with recent findings presented by Vuorinen et al. [34] , who showed similar bronchoalveolar lavage levels of MMP-7 in cases of UIP, sarcoidosis and NSIP. MMP-7 may play a dual role in ILDs: it can contribute to matrix degradation, and it can also be involved in epithelial migration and repair [13, 35] . Interestingly, in this study, we found a positive correlation of FEF and MMP-7 expression in the UIP cases.
Patients with UIP presented with decreased expression of bronchiolar epithelium of MMP-2 (gelatinase A) when compared to controls. The reasons for such a finding are not clear, but may be related to disease progression in IPF. In animal models of bleomycin-induced fibrosis, there is early expression and activity of the gelatinases that is further substituted by an elevation in their inhibitors [36, 37] . Additionally, a recent study in aged rats demonstrated a decrease in lung MMP-1 and MMP-2 activity when compared to younger animals [38] . Since IPF patients were older than the control group, decreased MMP-2 expression could be related to aging.
Smoking seems to be a risk factor in the development of lung fibrosis [39] , and some of our patients were current or ex-smokers. We compared both groups to check for any influence of cigarette smoking in our findings, but no significant difference in the diverse parameters was found. It is possible that the influence of smoking on SA pathology is more evident in the early phases of the diseases than in an advanced phase, such as presented by our patients.
Previous studies in patients with lung transplantationassociated bronchiolitis obliterans have shown increased levels of MMPs and TIMPs in bronchoalveolar fluids, suggesting a role for these proteins as disease markers. In this study, we now show that, in patients with idiopathic CB, there is an increase in MMP-7, MMP-9 and TIMP-2 expression in the bronchiolar epithelium, suggesting that these proteins may also be involved in disease pathogenesis in this entity.
Interestingly, a recent study on familial pulmonary fibrosis patients with early ILD demonstrated that some of these patients presented lung biopsies with interstitial diseases with histological involvement of the SA, such as organizing pneumonia and HP [39] . In patients with chronic HP, the presence of inflammatory and structural alterations in SA is part of the pathological definition of this entity [27, 40] . Although restrictive ventilatory abnormalities are the predominant functional alterations in HP, signs of airway obstruction have been described as a long-term functional outcome in farmer's lung [3, 41] . Previously, Myre et al. [28] detected signs of peripheral airway obstruction and peribronchial fibrosis in 8 of 11 biopsies from patients with early stage IPF. These data suggest that SA involvement may already occur in the earlier phases of the disease, which may have important pathogenetic implications.
The relation of structure-function in the SAs in IIPs has not yet been clarified. The controversial functional results related to SA function are likely to be explained by the heterogeneity of the patients studied, the irregular distribution of the lesions, and differences in age, clinical diagnosis, smoking status, and lung function methodologies [1] . It is interesting to note that, despite having thickened airway walls with decreased airway lumens, IPF and NSIP patients in this study did not present clear airway disease functionally, at least in the most conventional methods of assessing lung function. Our study shows that airway structural alterations in the IIPs seem to affect a different percentage of the SAs, which can contribute to explaining the lack of functional changes. A similar functional phenomenon is described in the syndrome of combined pulmonary fibrosis and emphysema, characterized by subnormal or normal spirometry despite severe emphysema and pulmonary fibrosis on chest imaging [42, 43] .
Diffuse alveolar fibrosis leads to severe ventilatory restriction and decrease in lung compliance and lung volumes. The extension of fibrosis to peribronchiolar tissue may possibly determine a decrease in airway compliance and loss of bronchiolar-parenchyma interdependence. In obstructive lung diseases, functional changes, such as air trapping and decrease in FEV 1 , result from normal or increased lung compliance and tissue overdistension associated with reduced elastic recoil pressure. It is possible that severe alveolar fibrosis determines such a decrease in lung compliance and lung volumes such that elastic recoil pressure can be increased. In this case, the obstructive effect of airway fibrosis would be masqueraded by lung restriction. Indeed, it has been suggested that the increased retractile force observed in fibrotic lungs would maintain the patency of SA in vivo [1, 4, 6, 30, 44] . It is possible that a more detailed functional evaluation directed to SA could demonstrate the physiological changes secondary to these important morphological alterations.
Our study has certainly limitations. Because it is very difficult to have access to normal lung tissue in nonsmoking patients, we have used autopsy samples as controls. We acknowledge that postmortem changes may have influenced our data, such as the expression of some proteins by immunohistochemistry. However, we have been careful to process the autopsy material with adequate fixation and timing in order to avoid loss of antigenicity. Using immunohistochemistry we have previously published adequate results in autopsy and biopsy material [45] . In cases of UIP and NSIP, the basement membrane perimeter was higher than in controls and CB groups. It is possible that in UIP and NSIP cases, bronchioles of higher generation were included in the fibrotic collapsed areas and hence were not suitable for analysis. Although all studied SAs could be classified as terminal bronchioles according to Weibel's classification [26] , and SA areas were normalized to BM perimeter, we cannot exclude that this may have induced a bias in the analysis of the results with the bronchioles of IIP patients appearing thicker.
In summary, we have shown that patients with IPF and NSIP present inflammatory and structural changes at the SA level and that the bronchiolar epithelium may participate in the remodeling events taking place in these diseases. It is essential to learn more about SA structure function in ILDs to better understand the functional significance of SA disease in these disorders.
